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(a) Electron emission ultra high vacuum chamber at Utah State University facilities. (b) Block
diagram of instrumentation for collecting the pulse charging surface voltage, electrode current and
cathodoluminescence data induced by electron beam bombardment. Instrumentation includes
picoammeters, Pearson coils, and a storage oscilloscope for electrode current measurements and
UV/VIS and IR spectrometers, an SLR CCD still camera, and a NIR video camera for optical
measurements. (c) Samples (2.5 cm diameter) of optically smooth, thin film (~65 nm thick)
disordered SiO2 (fused silica) deposited on ~175 nm thick highly reflective, optically smooth metal
(mostly Au) layers on a 2 mm thick fused quartz substrate.

Temperature Dependent Results

Disordered SiO2 is commonly used for optical instrumentation and coatings. In space telescope applications, these
materials can be exposed to low temperature (particularly for IR telescopes) and simultaneous electron fluxes from
the space plasma environment. During recent charging tests of this dielectric material, a discernable glow was
detected emanating from the surface of the SiO2, indicating that the incident electron beam induced a luminescent
effect, termed cathodoluminescence. As the sample cooled from 300 K to 120 K, a change in the intensity and
energy spectrum of the glow was observed between 250 nm and 1700 nm, demonstrating that the SiO2
cathodoluminescence is temperature dependent. Cathodoluminescence occurs when a high energy electron
excites a valence band electron into the conduction band, then a transition takes place between the extended
conduction states and the localized states below the mobility edge resulting from structural defects. This final
electron transition is the origin of the emitted photon, hence the luminescence. As sample temperature and the
thermal energy of the electrons vary, the trap state population, distribution of accessible trap states, and transitions
between states also vary. A dynamic model of electrons in these localized trap states is proposed to explain the
temperature dependent experimental cathodoluminescence spectra collected. Using our experimental results in
conjunction with literature references, the specific structural defects in SiO2 responsible for distinct features in the
cathodoluminescence spectra can be identified. From our experimental results, a simple qualitative model of
disordered band theory has been developed to describe the states and electron dynamics in our SiO2 samples.
Ultimately, such knowledge is important in the optimal design of space telescope optics.

Model

Theory

SiO2 is an insulating material that has a band gap of about 8.9
eV. Hence thermal excitation from the valence to conduction
band is highly improbable. Thus, there must be other states
for the electrons to reside in within the band gap; there must
be localized defect or “trap” states. The localized states in
disordered SiO2 are due to defects in the crystalline structure
or chemical defects from possible substitutional dopants.
These defects add energy states within the forbidden band .
Now, when valence band electrons are excited into the
conduction band by the high energy incident electron
radiation and then relax, there are now ‘closer’ (in energy) trap
states that the electrons can relax to. Some relaxation
processes are photon emitting processes. These light emitting
defect structures, or chromophores, can be inherent in the
material or can be induced by electron beam bombardment. In
other words, our experiments or the space plasma may create
these defects which then cause them to luminesce.

Band Theory

In basic band theory, the energy levels of individual atoms coalesce, forming a continuum of energy
levels as the atoms are brought closer together thus creating a solid structure. The number of levels
created in a given band is the number of energy levels originally available, typically one per atom in
the solid. Thus, as the number of atoms increases, so do the number of new energy levels,
eventually creating a continuum, or band, of energy levels for the electrons in our new structure to
fill. Within a molecular or crystalline structure, many energy bands are formed and are filled,
starting at the band of lowest energy. The extent to which these bands are filled is how solids are
classified as conductors, semiconductors and insulators .
The Fermi energy of a material is the energy of the highest filled state at absolute zero; the Fermi
level, εF, is the (weakly) temperature dependant chemical potential defined as the energy for 50%
probability filling a state. If, as in our experiments, electrons are added to the material by, say,
electron bombardment, these new electrons will start to fill up higher energy levels, thus creating
what is termed an effective Fermi level, εeff ; this can be thought of as a charge- (and temperature-)
dependant chemical potential.
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The
red-green-blue
component
intensities of the SLR images are
plotted as a function of temperature.
Here we see graphically what we
inferred by looking at the images; that
is, as temperature increases, blue
intensity also increases and red
decreases. We also see that the green
behaved in a similar manner as the red,
though we could not foresee this by
simply looking at the images.
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A model with multiple bands of disordered states in the band gap has been developed to qualitatively explain the temperature
dependence of the observed luminescence spectra. We began with a simple two band model. In this model, the red band
represents the band the red photon emitting band. The blue band represents the UV photon emitting band.
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Three glow spectra at increasing sample temperature,
measured with the UV/VIS spectrometer. Four peaks are
identified in the spectra at nominal wavelengths of ~275
nm, ~455 nm, ~500 nm, and ~645 nm. The spectra
verified the temperature dependent behavior observed
in the SLR images.

Conductors are materials with partially filled energy bands, giving the electrons that occupy that
band high mobility, allowing electrons to move freely. Insulators have a fully filled valence band and
a large band gap to the conduction band, such that even with large amounts of thermal energy,
valence band electrons have an extremely low probability of being thermally excited into the
conduction band. This small mobility makes these materials electrically insulating. For intrinsic
insulators and semiconductors with no defect states, the Fermi energy is at the middle of the band
gap. Semiconductors have two bands that are separated by a small amount of energy so that, with
sufficient thermal energy, electrons in the valence band have a small but significant probability of
excitation into the higher bands, therefore leading to moderate conductivity.

Future Work and Acknowledgements
Right now, our model is only a qualitative one used to illustrate the behavior of our SiO2 thin film samples. In
the very near future, this model will be a quantitative one. Its validity will also be put to the test as experiments
are extended to lower temperatures, down to 40K.
Funding for this project was from NASA Goddard Space Flight Center

The images to the left show
SLR CCD camera images of
cathodoluminescence.
SiO2
These images show the
temperature dependency of
cathodoluminescence.
SiO2
At low temperature, the glow
appears both red and blue. As
the
sample
temperature
increases from 163 K to 273 K,
the red light becomes much
less intense and the glow
appears to be dominantly
blue.
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Experimentation

We start with the theoretical
idea of temperature at zero
kelvin. The incident electrons
will create an effective fermi
level, filling all trapped states
below that level. If T=0, there is
no thermal energy available to
thermally excite electrons to a
higher state. Thus, when we
excite valence electrons, only
the higher band is available for
electrons to relax to.

At low temperatures with 0<kBT<<(εredεblue), a significant number of electrons in
the blue band are thermally excited to the
red band. This creates empty states in the
blue band that can then accept electrons
decaying from the conduction band and
generating higher energy blue photons.
Thus significant numbers of electronically
excited electrons can now relax from the
conduction band into either the red or
blue bands; the relative intensities of the
red and blue emission depends on the
relative number of unoccupied states in
the two bands and the transition
probabilities into these two bands from
the conduction band.

At
higher
temperatures
0<<kBT<(εred-εblue), even more
electrons from the blue band
are thermally excited into the
red band. So this enhances the
effect that occurs in the low
temperature regime.

Normalized peak amplitudes as a
function of sample temperaturre of
the red (~645 nm), green (~500 nm),
blue (~455 nm) and UV (275 nm)
peaks. These are calculated as the
amplitude of each peak (with baseline
subtraction) normalized by the room
temperature amplitudes.

Normalized peak position as a function of sample
temperature of the red (~645 nm), green (~500
nm), blue (~455 nm) and UV (275 nm) peaks.
From our model, this decrease in wavelength is
predicted in the UV and blue regions however,
according to our model, the red peak should
increase in wavelength. Looking specifically at
the UV band, at low temperature, only high
energy levels are available for electron relaxation
within that energy band.
As temperature
increases, lower energy levels become available.
So going from lower to higher temperature, the
energy of the emitted photons increases and
thus, the peak wavelength decreases and a shift
appears in the spectra. A weakness in our model
appears when we look at the behavior of the red
band, in which we expect the wavelength to
increase, but it decreases. This breakdown in
our model could be due to thermal excitations in
the red band or even the presence of more than
one available red band.

